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Abstract: The objective of the present study was to evaluate the potential antioxidant and angiotensin
converting enzyme inhibition (ACEI) activity of edible insect flours fermented with Lactococcus lactis
strains. For the fermentation, mealworm and grasshoppers flours were dissolved (0.5% w/v) in buffer
solution (pH 7.0) and individually inoculated (3%) with Lactococcus lactis strains (NRRL B-50571,
NRRL B-50572). The samples were incubated for 72 h at 30 ◦ C, and the pH was recorded. The
degree of hydrolysis (DH) and protein content were determined. The total polyphenol compounds,
antioxidant activity (ABTS, DPPH, ORAC, and FRAP), and ACEI of the <3 kDa fractions were analyzed. The pH of the fermented samples decreased to 3.5–3.9 (p < 0.05). The fermented grasshopper
flour showed an increased DH (0.42%) and overall higher total polyphenol content (8.23 mg Gallic
Acid Equivalent/mL). In general, the highest antioxidant activity was for the grasshopper fractions
fermented for 24 h by Lactococcus lactis NRRL B-50572, which also showed 23.47% ACEI inhibition
with an IC50 of 0.97 mg/mL. The peptide profile obtained increased after fermentation, being higher
for the mealworm flour fermented sample. This study presents, for the first time, the use of specific
strains of Lactococus lactis for fermenting edible insect-derived products in the production of bioactive
compounds with potential antioxidant and antihypertensive activity.
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1. Introduction
Different types of insects, raw or processed, have been part of the traditional diet
of many cultures around the world [1]. In this sense, their farming, processing, and
consumption has increased in the last decade, as an alternative towards food security [2].
Additionally, insects are considered highly nutritional due to their proteins, essential
amino acids, fiber, fat, and minerals [3,4]. Moreover, the farming of insects shows a better
reproductive capacity and lower environmental impact compared to other traditional
farming practices [5,6].
There is a great diversity of insects sought not only for their traditional consumption,
and by their high nutritional value; however, they have also been a focus of study as
potential sources of bioactive compounds, including peptides, polysaccharides, fatty acids,
and polyphenols [7]. For instance, the consumption of cricket powder showed to decrease
proinflammatory cytokines in healthy adults [8]. In other studies, the enzymatic hydrolysis
of protein from mealworm (Tenebrio molitor), cotton leaf worm (Spodoptera littoralis), locust
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(Schistocerca gregaria), and cricket (Gryllodes sigillatus; Acheta domesticus), released peptides
with antihypertensive, antioxidant, anti-inflammatory, and antidiabetic activity [9–12].
Similarly, peptides from the locust (S. gregaria) obtained after gastrointestinal conditions showed in vitro inhibition against lipoxygenase and cyclooxygenase-2 [13], while
Hall et al. [14] identified antihypertensive, anti-glycemic, and anti-inflammatory cationic
peptides (<0.5 kDa) derived from the gastrointestinal digests of cricket (G. sigillatus) peptides that also inhibited the expression of NF-κB in RAW 264.7 macrophage cells.
Fermentation has been commonly used for the release of bioactive compounds [6,15].
For instance, some studies have reported that after 20 days of soy sauce fermentation added
with Tenebrio molitor, Bacillus licheniformis, and Aspergillus oryzaep, the amino-nitrogen and
aromatic compound content increased, indicating protein degradation [16–18]. Although
the process of fermentation with lactic acid bacteria (LAB) has been used as an alternative
to eliminate undesirable microorganisms or improve sensory characteristics [19], the used
of LAB for the modulation of bioactive compounds from edible insects has not been
widely reported.
Specifically, Lactococcus lactis NRRLB strains isolated from artisanal fermented dairy
products have been reported for their ability to release bioactive peptides from fermented
dairy products with Angiotensin Converting Enzyme Inhibitory (ACEI) activity [20] and
hypocholesterolemic effects [21]. However, the ability of this strain to ferment insects, such
as mealworms and grasshoppers, remains unknown. Therefore, the aim of this study was
to evaluate the potential antioxidant and ACEI activity of mealworm and grasshopper
flours fermented with two L. lactis strains (NRRLB-50571 and NRRLB-50572).
2. Materials and Methods
2.1. Lactic Acid Bacteria Strains and Insect Flours
The strains of L. lactis (NRRL B-50571 and NRRL B-50572) were obtained from the
culture collection of the Dairy Laboratory at the Food Research and Development Center,
A. C. (CIAD A.C., Hermosillo, Sonora, México). The mealworm flour (larvae stage) was
obtained from OptiProt® (Cuernavaca, Morelos, México), and grasshopper (Sphenarium
purpurascens, adult stage) samples were obtained from a public market in Oaxaca City,
Mexico. The grasshoppers were washed twice using purified water, and then dried at room
temperature for 24 h. Grasshoppers were ground into flour form (Coffee Grinder Hamilton
Beach, WI, USA), and both samples (mealworm and grasshopper flours) were defatted
(Soxhlet method 31.4.02) [22].
2.2. Conditions for the Growth of L. lactis
The two strains used in this study were propagated (1% v/v) in M17 broth (BD® Difco,
St. Louis, MO, USA) supplemented with sterile dextrose solution (5% v/v), and incubated
for 18 h (NRRL B-50571), and 12 h (NRRL B-50572) in the first culture. The strains were
subsequently cultivated in two successive steps and incubated for 6 and 4 h, at 30 ◦ C. The
sterile dextrose solution used was prepared at a concentration of 10% (w/v). Afterward,
the M17 broth was modified with two dextrose concentrations (3.5% and 5% v/v) and three
insect flour concentrations (0.1%, 0.5%, and 1% w/v) in order to select the best growing
conditions for the L. lactis. The last culture of 4 h of both strains was inoculated (1% v/v)
in M17 modified broth and incubated 12 h at 30 ◦ C with agitation (500 rpm). A growth
kinetic curve was determined, and the dates were adjusted using the modified Gompertz
model [23], the lag phase (λ), generation time (G), and maximum growth rate (µmax)
were calculated.
Once the optimal dextrose and protein content conditions were selected, the LAB
strains were again cultivated in M17 modified broth in three subcultures, and again the
growth kinetic curve was determined. This assay was done with the objective of adapting
the new bacteria to a different source of protein.
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2.3. Fermentation Conditions
Once the best conditions of growth were selected, the insect flours were dissolved
in phosphate buffer salt (PBS, pH 7.0), and a heat treatment was applied (110 ◦ C, 10 min)
to eliminate the presence of other microorganisms in the flours, followed by sonication
(30 min/50 ◦ C/50 Hz) (VWR Aquasonic™ 50D, Ultrasonic Cleaner, San José, CA, USA).
Sonication was applied to yield protein in both flour samples. Then, the flour solutions
were supplemented with sterile dextrose (3.5% v/v). For the fermentation, the flour samples
were inoculated at 3% (v/v) with each strain from the last subculture of the 5-h incubation
(selected in Section 2.2), and these were incubated for 72 h at 30 ◦ C with constant agitation
(500 rpm) under aerobic conditions. The pH was measured, and the cellular concentration
was determined at 0, 24, 48, and 72 h of fermentation.
The fermented flour samples were centrifuged (3600× g for 30 min at 4 ◦ C), and
supernatant (crude extract) was collected and fractionated using a stirred ultrafiltration
cell (Model 8050, Amicon, Bedford, MA, USA) with a molecular exclusion membrane
(Ultracell 3 kDa, Millipore, Billerica, MA, USA), and stored at −20 ◦ C until further use. The
water-soluble < 3 kDa fractions were used for determination of the antioxidant activity,
polyphenol content, ACEI, and identification of the peptide profile.
2.4. Determination of Degree of Hydrolysis and Protein Content
In order to determine the degree of hydrolysis (DH), the free amino groups (h) were
quantified by spectrometry using the OPA (Fluoraldehyde™ o-Phthaldialdehyde Reagent
Solution, Thermo Fisher Scientific, Waltham, MA USA) method [24]. For this assay, 500 µL
of crude extracts were mixed with 500 µL of Trichloroacetic acid (24% v/v) (Sigma-Aldrich,
Saint Louis, MO, USA) and restored for 10 min. Then, the samples were centrifuged
(3600× g for 40 min) and the supernatants were used for the quantification.
For the quantification of free amino groups, 20 µL of sample was mixed with 200 µL
of OPA and incubated for 2 min under dark conditions. The fluorescence was measured at
340 nm of excitation and 436 nm of emission. The degree of hydrolysis (DH) was calculated
using the formula:
%DH = (h/htot ) × 100
(1)
where htot is the total hydrolysis of samples using 6 M HCl at 150 ◦ C for 6 h
(Vázquez et al., 1994). The protein contents of the <3 kDa fractions were measured using the Lowry method (DC Protein Assay kit). The results are expressed as mg/mL.
2.5. Determination of Total Polyphenol Content in Fermented Insect Flours
The total polyphenol content was determined by the Folin–Ciocalteu method [25]
with modifications. Briefly, 20 µL of the water-soluble < 3 kDa fraction of fermented
flour was mixed with 200 µL of Folin–Ciocalteu (0.2 n) and incubated for 2 min at 30 ◦ C.
Then, 20 µL of sodium carbonate (7.5% v/v) was added and incubated 30 min at 30 ◦ C.
The absorbance was measured at 765 nm, and the results are expressed in µg Gallic Acid
Equivalents (GAE)/mL.
2.6. Determination of Antioxidant Activity
The antioxidant activities of all water-soluble < 3 kDa fractions of both fermented
flours were evaluated using several antioxidant assays, and the results are expressed in
mM of Trolox Equivalent (TE). A five-point (0–50 µM in PBS) standard curve of Trolox
(6-hydroxy-2,3,7,8-tetramethylchroman-2-carboxylic acid) was established. The 2,20 -azinobis-(3-ethyl-benzthiazoline-6-sulfonic acid (ABTS•+) (Sigma-Aldrich) radical scavenging
activity assay, and the Oxygen Radical Absorbance Capacity (ORAC) were performed
following the methodology modified by Zulueta et al. [26]. For the ABTS radical cation,
a stock solution (7 mmol/L) was mixed with potassium persulfate (2.45 mM), and kept in
the dark for 16 h at 30 ◦ C.
For the reaction, the ABTS radical solution was adjusted to 0.70 Optical Density at
734 nm. Next, the solution (200 µL) and water-soluble < 3 kDa fractions (5 µL) were mixed
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and recorded after 7 min (SpectraMax M3 microplate reader Molecular Devices, Sunnyvale,
CA, USA). For the ORAC assay, 50 µL of Fluorescein (78 nM) (Sigma-Aldrich) was mixed
with 50 µL of sample (<3 kDa fractions) or PBS as a control. Next, 25 µL of the peroxyl
radical initiator 2,20 -azobis(2-amidinopropane) dihydrochloride was added for to start the
reaction. The fluorescence (excitation 485 nm and emission 535 nm) was recorded each 5 s
for 5 h. The data were normalized with respect to the control curve.
The free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH•+) (Sigma-Aldrich) was performed according to the methodology reported by Herald et al. [27]; meanwhile, the
ferric-reducing antioxidant power (FRAP) assay was performed according to Benzie and
Strain [28] with slight modifications. The FRAP solution was prepared mixing 10 mL of
acetate buffer (300 mM, pH 3.6 using acetic acid) with 1 mL of TPTZ (2,4,6-tripyridyl-striazine; 10 mM in HCl 40 mM) and 1 mL of ferric chloride (20 mM). The mixture was
incubated at 37 ◦ C for 30 min. Once incubated, 25 µL of sample was mixed with 175 µL of
FRAP solution. The absorbance was measured after 30 min at 595 nm. The sample with the
highest antioxidant activity was selected for the evaluation of ACEI, and the fractions were
analyzed by reversed-phase high-performance liquid chromatography (HPLC).
2.7. Determination of Angiotensin Converting Enzyme Inhibition
The ACEI was performed according to the methodology described by Wú et al. [29].
In this assay, the hippuryl-histidyl-leucine as substrate (HHL, 2.17 mM) was in a borate
buffer (100 mM with 300 mM of NaCl at pH 8.3) with ACE enzyme (0.2 U/mL) and the
inhibitor (<3 kDa fraction). For the enzymatic reaction 50 µL of HHL solution + 10 µL
sample were mixed and incubated for 10 min at 37 ◦ C, 450 rpm (Eppendorf ThermoMixer®
AG, Hamburg, Germany), and then 10 µL of ACE was added and incubated again under
the same conditions. The reaction was stopped by the addition of 85 µL of 1 M HCl and
was analyzed by HPLC.
The reversed-phase HPLC was carried out using a ZORBAX eclipse Plus C18
(4.6 × 100 mm, 3.5 µm) column in an Agilent 1260 HPLC system (Agilent Technologies,
Waldbronn, Germany) equipped with OpenLAB Chromatography Data System A.02.02
(Agilent Technologies, Waldbronn, Germany). The mobile phase consisted of solvent A
(deionized water), and solvent B of acetonitrile into trifluoroacetic acid (0.05%), a gradient
elution from 5% to 60% for solvent B over 10 min was used. After 2 min at 60% solvent
B, the gradient was inverted to 5% solvent B in 1 min and kept at 5% solvent B for 4 min
before the next sample injection. The flow rate was 0.5 mL/min, and detection was at
214 nm. The inhibition percentage of ACE was calculated with the following formula:
ACEI (%) = [(A − B)/A)] × 100

(2)

where A is the peak area of the hippuric acid (reaction HHL + ACE + buffer), B is the
peak area of hippuric acid after the ACEI reaction with substrate HHL in the presence of
the sample (inhibitor). The ACE enzyme inhibitory activity by <3 kDa fractions was also
expressed as the protein content (mg/mL) necessary to inhibit ACE activity by 50% (IC50 ).
2.8. Isolation of Peptide Fractions by Reversed-Phase HPLC
The peptide profiles of the <3 kDa fraction of both fermented flour samples that
showed higher antioxidant and ACEI activity were analyzed by reversed-phase HPLC. The
conditions were a flow rate of 0.25 mL/min, and solvent A was mixture of deionized water
and trifluoroacetic acid (1000:0.4 v/v), and solvent B was acetonitrile and trifluoroacetic
acid (1000:0.3 v/v). The peptides were eluted with a linear gradient of solvent B in solvent
A from 0.1% to 99% for 40 min, and, for solvent B, it was of 0.1% to 60% in 40 min.
2.9. Statistical Analysis
For the analysis of the growth conditions of the two LAB strains, a 2 × 2 factorial,
completely randomized design was performed. An analysis of variance (ANOVA) with
p < 0.05 was performed, and the mean differences were analyzed by Tukey–Kramer for
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the parameters determined during the fermentation. A t-Student’s test was used for the
ACE inhibition analysis. The statistical analysis of the data was performed with the NCSS
statistical package, 2019 (Kaysville, UT, USA). All tests were performed in triplicate.
3. Results
The results of the kinetic parameters determined in the factorial design are displayed
in Table 1. Overall, we observed that treatment B (0.5% insect flour and 3.5% dextrose)
for both strains and both insect flours had a shorter lag phase (λ) with 2.38 and 2.27 h
as well as a generation time (G) of 0.55 and 0.65 h for mealworm and grasshopper flour,
respectively (p < 0.05) using strain NRRL B-50571. For strain NRRL B-50572, the times were
3.43 and 3.96 h for the lag phase; a generation time of 3.96 and 0.65 h for mealworm and
grasshopper, respectively. Therefore, these conditions (0.5% of flour and 3.5% dextrose)
were selected for the final fermentation process.
Table 1. The kinetic parameters obtained for the selection of the best growth conditions for L. lactis into edible insect flours.
L. lactis NRRL B-50571
Mealworm
Treatment

Insect Flour (%)

A

0.1

B

0.5

C

1.0

2.69 ± 0.13 a

0.1

3.02 ± 0.33

c

2.64 ± 0.13

a
a

D
E

0.5

Dextrose (%)

3.5

5.0

Grasshopper

λ (h)

µmax (h)

G (h)

λ (h)

µmax (h)

G (h)

2.89 ± 0.14 a

0.43 ± 0.03 b

0.69 ± 0.05 a,b

2.89 ± 0.14 b

0.44 ± 0.03 a

0.69 ± 0.05 a

2.38 ± 0.07 b

0.46 ± 0.01 b

0.55 ± 0.02 a

2.27 ± 0.29 a,b

0.46 ± 0.02 a

0.65 ± 0.02 a

b

0.50 ± 0.04 b

a,b

0.60 ± 0.02 a,b

0.47 ± 0.06

a

0.66 ± 0.09 a

0.45 ± 0.04

a

0.67 ± 0.05 a

0.41 ± 0.01

a,b

0.50 ± 0.02

c

0.36 ± 0.03

a

0.42 ± 0.03

b

0.71 ± 0.01
0.60 ± 0.08

b

a,b

0.83 ± 0.06

c

0.70 ± 0.04

b

2.73 ± 0.13 a
2.60 ± 0.08

a,b

2.38 ± 0.24

a

a,b

0.60 ± 0.05
0.50 ± 0.02

F

1.0

2.45 ± 0.13

A

0.1

4.63 ± 0.43 a

0.46 ± 0.05 a

0.66 ± 0.05 a

4.32 ± 0.46 a

0.49 ± 0.04 a,b

0.61 ± 0.04 a,b,c

B

0.5

3.43 ± 0.09

b

0.42 ± 0.04 a

0.72 ± 0.03 a

3.96 ± 0.56 a

0.47 ± 0.04 a

0.65 ± 0.06 c

4.13 ± 0.61

a

0.38 ± 0.55

a

0.72 ± 0.10

a

4.56 ± 0.34

a

0.46 ± 0.02

a

0.65 ± 0.03 c

4.27 ± 0.45

a

1.35 ± 0.32

c

0.41 ± 0.06

b

4.56 ± 0.39

a

0.60 ± 0.02

b

0.50 ± 0.02 b

4.16 ± 0.30

a

0.79 ± 0.18

b

0.39 ± 0.05

b

4.27 ± 0.23

a

a,b

0.56 ± 0.07 b,c

3.88 ± 0.45

a

0.40 ± 0.01

a

0.97 ± 0.12

c

4.09 ± 0.31

a

a

0.63 ± 0.08 c

2.65 ± 0.14

L. lactis NRRL B-50572

C
D
E
F

3.5

1.0
0.1
0.5
1.0

5.0

0.53 ± 0.08

0.41 ± 0.05

Different superscript letters indicate differences (p < 0.05) between treatments for each kinetic parameter for each bacteria strain. The data
represents the mean ± standard deviation (n = 3). (a–c ) Letters assigned to each combination of treatment evaluated.

Table 2 shows the results obtained during the pre-adaptation of L. lactis in three
subcultures. The results of the second and third subcultures for L. lactis NRRL B-50572
showed a reduction in the lag phase (p < 0.05) for mealworms and G for L. lactis NRRL
B-50571. Although, in general, the kinetic parameters did not show significant changes in
the subculture, the cell concentration 109 CFU/mL was considered for fermentation and
a second subculture of 5 h of growth in M17 broth was modified for each strain. This time
was considered because it was the time when each of the L. lactis strains was at the end of
their exponential phase.
The parameters evaluated during the fermentation are shown in Table 3. The pH
decreased (p < 0.05) ca. 1.98 and 1.66 two-fold at 72 h of fermentation for NRRL B-50571;
meanwhile, for NRRL B-50572, the decrease was of 1.92 and 1.73 twist-folder for both flours
(mealworm and grasshopper, respectively). The pH decreased and did not change (p > 0.05)
after 24 h of fermentation for mealworm flour for both strains; however, a significant
decrease was observed between 24 and 48–72 h for grasshopper flour fermented with
both strains.
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Table 2. The kinetic parameters obtained for the three subcultures of L. lactis.
L. lactis NRRL B-50571
Mealworm

Grasshopper

Sub-Culture

λ
(h)

µmax
(h)

G
(h)

Cell
Concentration
(CFU/mL)

1
2
3

2.64 ± 0.09 a
2.73 ± 0.08 a
1.00 ± 0.03 b

0.46 ± 0.03 a
0.77 ± 0.05 b
0.29 ± 0.04 c

0.60 ± 0.03 a
0.38 ± 0.06 b
1.01 ± 0.09 c

1.5 × 109 a
1.7 × 109 a
1.9 × 109 a

1
2
3

4.16 ± 0.07 a
2.20 ± 0.03 b
2.03 ± 0.5 b

0.41± 0.06 a
0.36 ± 0.05 a
0.38± 0.03 a

0.71 ± 0.08 a
0.82 ± 0.05 a
0.79 ± 0.06 a

1.5 × 109 a
2.6 × 109 a
2.9 × 109 a

λ
(h)

µmax
(h)

G
(h)

Cell
Concentration
(CFU/mL)

3.96 ± 0.05 a
4.89 ± 0.06 b
2.94 ± 0.05 c

0.47 ± 0.07 a
0.57 ± 0.05 a,b
0.39 ± 0.05 b

0.64 ± 0.08 a
0.53 ± 0.05 a,b
0.77 ± 0.07 b

1.1 × 109 a
2.8 × 109 a
1.2 × 109 a

0.46 ± 0.08 a
0.69 ± 0.04 b
0.36 ± 0.05 a

0.65 ± 0.15 a
0.43 ± 0.02 b
0.84 ± 0.06 c

2.4 × 109 a
2.2 × 109 a
2.5 × 109 a

L. lactis NRRL B-50572
2.64 ± 0.07 a
3.13 ± 0.05 b
1.54 ± 0.03 c

Different superscript letters (a–c ) indicate differences (p < 0.05) among subcultures. The data represents the mean ± standard deviation
(n = 3). The strains were subsequently cultivated in three successive steps in M17 modified (1–3).

Table 3. The parameters evaluated during the fermentation process of both insect flours.
Mealworm
Strain

NRRL
B-50571

NRRL
B-50572

Grasshopper

Time (h)

pH

DH (%)

Protein
(mg/mL)

pH

DH (%)

Protein
(mg/mL)

0

7.12 ± 0.08 a

0.34 ± 0.03 a

0.21 ± 0.03 a

6.83 ± 0.02 a

0.03 ± 0.02 a

0.20 ± 0.05 a

24

3.76 ± 0.02 b

0.77 ± 0.004 b

0.47 ± 0.05 b

4.23 ± 0.01 b

0.24 ± 0.02 b

0.40 ± 0.02 b

48

3.65 ± 0.10 b

0.66 ± 0.12 b

0.56 ± 0.06 b

4.10 ± 0.01 c

0.22 ± 0.01 b

0.38 ± 0.07 b

72

3.59 ± 0.01 b

0.52 ± 0.01 c

0.35 ± 0.01 c

4.11 ± 0.03 c

0.22 ± 0.01 b

0.38 ± 0.03 b

0

7.12 ± 0.08 A

0.34 ± 0.03 A

0.21 ± 0.03 A

6.83 ± 0.02 A

0.03 ± 0.01 A

0.20 ± 0.05 A

24

3.97 ± 0.05 B

0.53 ± 0.05 B

0.47 ± 0.05 B

4.11 ± 0.02 B

0.20 ± 0.02 B

0.45 ± 0.05 B

48

3.82 ± 0.01 C

0.55 ± 0.09 B

0.59 ± 0.13 B

3.96 ± 0.03 C

0.20 ± 0.02 B

0.44 ± 0.06 B

72

3.71 ± 0.02 C

0.50 ± 0.02 B

0.32 ± 0.08 A

3.94 ± 0.01 C

0.25 ± 0.09 B

0.37 ± 0.02 B

Different superscript letters (a–c ) indicate differences (p < 0.05) among times for NRRL B-50571for each response variable; (A–C ) for NRRL
B-50572. DH; degree of hydrolysis. The data represents the mean ± standard deviation (n = 3).

On the other hand, the DH increased 0.43% and 0.19% (p < 0.05) at 24 h for mealworm
fermented with NRRL B-50571 and B-50572, respectively; meanwhile, for grasshopper
flour, it increased around 0.21% and 0.17% (p < 0.05), with the NRRL B-50571 strain as
the one with the best proteolytic activity. The highest protein concentration was obtained
between at 24 and 48 h fermentation, showing no difference between times (p > 0.05), both
for NRRLB-50571 and 50572 using the mealworm flour. On the contrary, the grasshopper
flour showed a lower content of protein in the same time frame of 24 and 48 h (p > 0.05)
with both strains. The results showed that, by increasing the DH, the protein content also
increased, which may suggest that the L. lactis strains partially hydrolyzed the proteins of
both insect flours.
On the other hand, the concentration of NRRL B-50571 decreased after 48 fermentation
6
to 10 CFU/mL for 72 h for grasshopper flour; meanwhile, for mealworm flour at 48 h, it
increased to 109 CFU/mL (p < 0.05) (Table 4). On the contrary, the cell concentration of
NRRL B-50572 enhanced an exponential cycle and was sustained at 108 CFU/mL until 72 h
for both flours.
The total polyphenol content is shown in Figure 1. In general, polyphenols increased
at 24 h of fermentation to 15.41 and 9.69 mg GAE/mL for NRRL B-50571 as well as 22.08
and 8.23 µg GAE/mL for NRRL B-50572 for mealworm and grasshopper, respectively
(p < 0.05) (Figure 1).

Table 4. The cell concentration of L. lactis strains during the fermentation processes of edible insect flour.

Cell Concentration (CFU/mL)
Insects Fer7 of 14
0h
24 h
48 h
72 h
mented
mealworm 8.05 × 107 ± 3.52 × 107 a 5.80 × 108 ± 8.29 × 107 b 1.66 × 109 ± 2.10 × 108 c 9.00 × 107 ± 4.97 × 106 a
grasshopper 8.43 × 107 ± 2.44 × 107 a 1.88 × 108 ± 8.66 × 106 b 3.03 × 107 ± 4.51 ×106 c 3.57 × 106 ± 5.77 × 104 c
Table
4. The cell6.13
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the×fermentation
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4.15 × during
108 ± 8.66
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108 ± 3.07
107 b insect
1.07 ×flour.
108 ± 1.58 × 107 a
7
6
a
8
7
b
8
7
b
grasshopper 5.88 × 10 ± 9.22 × 10 Cell1.31
× 10 ± 1.89
× 10
1.30 × 10 ± 4.62 ×10 1.36 × 108 ± 3.65 × 107 b
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mealworm
grasshopper

NRRL
B-50572

mealworm
grasshopper

8.05 × 10 ± 3.52 × 10
8.43 × 107 ± 2.44 × 107 a

5.80 × 10 ± 8.29 × 10
1.88 × 108 ± 8.66 × 106 b

1.66 × 10 ± 2.10 × 10
3.03 × 107 ± 4.51 ×106 c

9.00 × 10 ± 4.97 × 106 a
3.57 × 106 ± 5.77 × 104 c

The total polyphenol content
is shown in Figure 1.
In general, polyphenols
increased
1.07 × 108 ± 1.58 × 107 a
6.13 × 107 ± 9.84 × 106 a
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and 8.23 μg GAE/mL for NRRL B-50572 for mealworm and grasshopper, respectively (p <
Different superscript letters (a–c ) indicate differences (p < 0.05) among fermentation times for each L. lactis strain. The data represents the
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mean ± standard deviation (n = 3). (Figure 1).
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In brief, the major antioxidant activity was found at 24 h of fermentation with L. lactis
NRRLB- 50572, as this was the sample selected to evaluate the ACE inhibition activity.
Our results showed that, at 0 h, the grasshopper flour fermented with L. lactis had ACE
inhibition; however, for mealworm flour, this effect could not be detected. However,
the ACE inhibition activity was enhanced with increasing fermentation time, which may
suggest that the addition of fermentative bacteria can favor the release of compounds with
this bioactive property. In specific, the ACE inhibition activity for mealworm flour at 24 h
was of 17.25% with an IC50 of 1.36 mg/mL; meanwhile, for the fermented grasshopper,
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to hydrolyze the proteins present at 0 h. On the contrary, fermented grasshopper flour at
24 h only showed the presence of peaks 2, 5, 6, and 7 with the area more significantly
increased. These results suggest that L. lactis showed a preference for the mealworm protein and was more difficult to hydrolyze for grasshopper protein.
The bioactivity found for both samples could be associated to the presence of phe9 of 14
nolic compounds and the release of peptides during fermentation, as both compounds
increase, as well as the bioactivities.
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NRRLB- 50572. (A) The peptide profile for mealworm flour; (B) the peptide profile for grasshopper flour.
NRRLB- 50572. (A) The peptide profile for mealworm flour; (B) the peptide profile for grasshopper flour.

The bioactivity found for both samples could be associated to the presence of phenolic
4. Discussion
compounds and the release of peptides during fermentation, as both compounds increase,
The
strains showed a better adaptation to the new protein sources after two
as well
as L.
thelactis
bioactivities.
reactivation times. In this context, the time in the middle of the exponential phase was
considered, because, at this stage, the bacteria are metabolically active to improve their
growth conditions and decrease their lag phase once fermentation starts.
The results obtained with the protein content during the fermentation processes were
higher in the fermented mealworm flour compared with grasshopper flour. In addition,
the pH changes were strain dependent and may be explained by differences in the metabolic ability and growth requirements; as well, pH reduction depends on the amount of
organic acids released [30]. These results suggest that the strains might hydrolyze the
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4. Discussion
The L. lactis strains showed a better adaptation to the new protein sources after
two reactivation times. In this context, the time in the middle of the exponential phase was
considered, because, at this stage, the bacteria are metabolically active to improve their
growth conditions and decrease their lag phase once fermentation starts.
The results obtained with the protein content during the fermentation processes were
higher in the fermented mealworm flour compared with grasshopper flour. In addition, the
pH changes were strain dependent and may be explained by differences in the metabolic
ability and growth requirements; as well, pH reduction depends on the amount of organic
acids released [30]. These results suggest that the strains might hydrolyze the mealworm
and grasshopper protein and release peptides with potential biological activity. These
results show the potential capacity of the LAB to use both dextrose and the protein from
flour insects for their growth.
The results obtained in our study were similar to those obtained by
Mouritsen et al. [18], who fermented grasshopper sauces with Aspergillus oryzae and reported a pH of 4.84 to 4.95, also an increase in the free amino acid content. They also
improved the sensory characteristics, such as Umami-T and yeasty notes. These characteristics make attractive the incorporation of insects to improve the flavor of the sauces.
Another study evaluated the ability to ferment a paste produced from the yellow mealworm
(Tenebrio molitor) with different LAB (L. lactis, Lb. curvatus, Lb. farciminis, Lb. plantarum,
Lb. sakei, and Pediococcus acidilactici of Chr. Hansen A/S, Hoersholm, Denmark). The pH
of the mealworm paste decreased from 6.68 to 4.95 after 72 h of fermentation, and the
growth of Lb. sakei was of 0.8 log CFU/g and 2.9 for Pediococcus acidilactici with larvae from
mealworm. These results showed the ability of LAB to ferment the larvae paste and inhibit
the growth of undesirable microorganisms [31].
The main parameters evaluated that were considered as indicative of the bacterial
fermentation (pH, DH, and protein content) showed that, at 24 h, a significant increase was
observed; however, after this time, no significant changes were shown in the variables determined. It is possible to consider that the strains were indeed involved in the fermentation,
because they have been widely used for milk fermentation, in which similar values have
been reported. The strains were able to promote the release of bioactive compounds—in
particular, NRRL B-50572 has been deemed the most proteolytic strain in milk [21,32]. This
same effect was observed in our study with a different protein source (i.e., edible insects).
In particular, the hydrolyzed protein by LAB is associated to their proteolytic system,
which includes proteinases of the cellular envelope, transporters, and peptidases [33],
especially for Lb. helveticus, as their proteolytic system was characterized [34]. In a previously study, L. lactis NRRLB showed high proteolytic activity toward milk proteins [21],
which could indicate that the proteolytic system of this bacteria is active for the hydrolysis of proteins, due to the increase that was shown by the degree of hydrolysis, mainly
with grasshopper proteins. In this sense, during insect flour fermentation, peptides and
amino acids are released from insect proteins by the LAB proteolytic system since these
compounds are essential for microbial growth.
During the fermentation process, some bacteria remove sugar moieties, hydrolyze
galloyl moieties, and release free phenolic compounds. In particular, Lb. brevis 145 metabolizes gallic acid into pyrogallol and hydrolyzes the ester bond linked with gallolyl groups;
a similar effect was reported for Lb. plantarum 292 [35,36]. These results could explain the
increase in the polyphenol content of the fermented samples.
Due to insects’ herbivore feeding practices, it would be expected for phenolic compounds to be present in flours obtained from insects. Studies have reported the ability of
insects to sequester and metabolize plant phenolics from their diet. For example, phenolic
compounds have been reported for a variety of insects, such as Lepidopterans (e.g., butterflies and moths), where the main assumption is that these compounds are directly obtained
from the insects’ diet [37–40].
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Phenolic compounds and peptides released during the fermentation could be associated with the antioxidant activity. These results have been demonstrated in previous
studies using commercially available insect flours that showed antioxidant activity per se,
where grasshoppers and mealworms contained the highest levels of total polyphenols,
thus, demonstrating edible insects as a potential source of dietary antioxidants [37]. Nevertheless, an over-estimation of phenolic compounds could result from the interference
caused by proteins [41,42]. Further research is required to establish a suitable method
(e.g., LC-MS/MS) that would allow for better determination of the phenolic content in
edible insect flours.
Today, the presence of antioxidants in food has an important role in the prevention of
some diseases such as cancer, aging, and inflammation [43]. In this sense, some studies have
reported the release of antioxidant peptides from insects, obtained by enzymatic hydrolysis
or under in vitro gastrointestinal conditions [44]. For example, an increased scavenging
activity of ABTS and DPPH was observed after the simulated gastrointestinal digestion of
cricket (G. sigillatus) peptides compared to non-digested cricket protein [11]. The strong
reducing potential of the peptides was attributed to the availability of hydrogen protons
and electrons caused by cleavage of the peptide bond. In other studies, raw mealworm
hydrolysate with digestive enzymes showed the highest activity against ABTS, and baked
G. sigillatus and S. gregaria protein showed the highest activity against DPPH [44], indicating
that heat treatment promoted the release of peptides with antioxidant activity [45].
In particular, extracts from mealworm contain certain amino acids that could be
responsible for its antioxidant activity [46]. In addition, the exoskeleton of grasshoppers
is made of chitin, which has showed antioxidant activity in DPPH and FRAP assays [47].
This could explain, in part, why the antioxidant activity of the fermented grasshopper flour
presented greater antioxidant activity, due to the fact that chitin was not removed, and
some oligosaccharides could still be present. A recent study showed that some Lactobacillus
strains selected from different sources had a chitinase coding gene but did not have
chitinolytic activity [48]. Therefore, it will be necessary to explore if the LAB strains used in
this study can present chitinases, which, once the bacteria are exposed to stress conditions,
can express these enzymes and show activity.
The ACE has an important role in the regulation of blood pressure, and its inhibition
by bioactive peptides is a common method used in determining the biological activity of
these peptides [49]. In this study, the <3 kDa fractions of the fermented insect flours showed
ACE inhibitory activity. Other studies showed that hydrolyzed cricket protein (5 mg/mL)
inhibited > 70% ACE activity, which might be enhanced by gastrointestinal proteases [10].
Several studies have identified peptide sequences from B. mori pupae (Lys-His-Leu,
Ala-Ser-Leu, and Gly-Asn-Pro-Trp-Met) obtained from enzymatic hydrolysis [10,50,51].
For example, one study reported that the tripeptide Tyr-Ala-Asn from Tenebrio molitor
hydrolysate showed good hypertensive activity, decreasing the systolic blood pressure in
spontaneously hypertensive rats [52]. ACE-inhibitory peptides for insects fermented by
LAB have been less documented; however, the action mechanisms for the ACE-inhibition
could be influenced by several factors, such as the presence of C-terminal tripeptide
residues, and the presence of Trp, Tyr, Phe, or Pro in the peptide structure [53].
In brief, an increase in the extent of hydrolysis, amine concentration, cell growth,
and low pH indicates that the L. lactis strains were able to ferment the mealworm and
grasshopper flours. In addition, the fermented flours presented bioactivity by means of
antioxidant and ACE-inhibition activities, which may also be associated with the presence
of phenolic compounds, chitin, and <3 kDa peptide fractions.
The search for new foods with high protein contents have been studied because of
the potential they may have for obtaining bioactive peptides. In this sense, edible insects,
which are widely consumed in several countries, have been of great interest in recent
years [54]. The results obtained in the study showed the potential to use lactic acid bacteria
to ferment insects and, thus, be able to obtain compounds with biological activity.
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5. Conclusions
To the best of our knowledge, this is the first study that involves the fermentation
of edible insects for the production of bioactive compounds with antioxidant and ACE
inhibition. The process involves a sustainable raw material since producing edible insects
has benefits for the environment due to its high feed conversion ratio and fewer greenhouse
gas emissions. Additionally, the production of insects as food increases the livelihood
opportunities for people in developing and developed countries. Finally, insects are often
consumed whole, but including a sustainable food processing step, such as fermentation
with specific lactic acid bacteria, may decrease the disgust factor and, at the same time,
increase the consumption of insect-based food products with added health benefits.
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